Abstract The natural potential of Chrysanthemum indicum L. for the clean-up of lead-contaminated soil was investigated under pot experiment. Maximum applied lead (at 50 mg/kg) caused significant reduction in the plant height (31.71 %), root length (31.15 %) and dry biomass (32.71 and 41.25 % for root and shoot, respectively); however, minimum applied lead (at 10 mg/kg) promoted the growth of plants to some extent, over the respective control pots. Lead concentration in the tissues followed the order as root[shoot[flower. The combinatorial treatment T 16 (50 mg/kg Pb, 0.8 g/kg elemental sulphur and 6 g/kg vermicompost) caused maximum concentration of lead in root, shoot and flower up to the extent of 43.58, 22.45 and 9.62 mg/kg, respectively, leading to the maximum bioaccumulation factor (0.38). However, the combinatorial treatment T 4 (sulphur and vermicompost) showed maximum translocation factor (0.63) and T 12 (20 mg/kg lead, 0.8 g/kg elemental sulphur and 6 g/kg vermicompost) produced maximum remediation ratio (0.153). The combinatorial treatments under lead-contaminated (10-50 mg/ kg) soils showed higher remediation efficiency indicating enhanced clean-up of the aforesaid soils through C. indicum L. Applied lead ([20 mg/kg) altered the chlorophylla, chlorophyll-b and carotenoid contents of the plants. Hence, the authors conclude that a non-edible ornamental plant, C. indicum L., is preferred to be safely grown in moderately lead-contaminated soils along with application of elemental sulphur and vermicompost, which will boost the photosynthetic pigments of the plants, leading to enhanced clean-up of the lead-contaminated soil.
Introduction
Metals are the most prevalent forms in the environment, and their remediation in soils is a difficult task. Soil pollution by heavy metals is a global environmental problem as it has affected about 235 million hectares of arable land worldwide (Bermudez et al. 2012 ). Phytoremediation, a biological approach, uses the harvestable parts of plants to remove pollutants, represents a green and environmentalfriendly tool for cleaning metal-polluted soil and water. The use of metal-accumulating plants to clean environment is the most rapidly developing component of this environmental-friendly and cost-effective technology that has received substantial attention in recent years. The everincreasing environmental pollution due to application of sewage sludge, city refuse, and heavy metals containing fertilizers or pesticides is becoming a major problem in modern agriculture. However, there is a risk of contamination of the food chain if edible crops are used for the purpose. Now, more attention has been paid to the role of ornamental plants as a sustainable, viable and remunerative alternative. The non-edible crops will reduce the risk of the entry of heavy metals into the food chain (Liu et al. 2008) . Many plant species have been successful in absorbing contaminants such as lead, cadmium, chromium, arsenic and various radio-nuclides from soils (Achal et al. 2012; Wojcik and Tukiendorf 2004) , although some plant species are endemic to metalliferous soils and can tolerate greater than usual amounts of heavy metals or other toxic compounds (Niu et al. 2007 ). Thus, plant species have a dilemma with respect to balancing the uptake and maintaining concentrations of heavy metals in their tissues to cope with heavy metal stress. Nevertheless, metal-tolerant plants are either grouped as metal accumulators or metal excluder based on the bioaccumulation of metals in their roots or aerial tissues, respectively (Mani et al. 2012) .
The bioavailability of heavy metals through lowering soil pH and adding synthetic chelates (Bennedsen et al. 2012 ) is an important factor for the clean-up of contaminated environment. However, these methods have some limitations due to negative effects on the chemical, physical and biological properties of the soil, or may lead to groundwater pollution through leaching. To avoid some of these constraints, the use of elemental sulphur (S) to decrease soil pH and increase the solubility of heavy metals in soils has been suggested (Kayser et al. 2000) . However, organic inputs are always preferred on account of greener, economic and more eco-friendly view. Composting can enhance organic matter degradation and humification process, and consequently, it can reduce the toxicity of metals (Singh and Kalamdhad 2013) .
In the environment, lead is known to be toxic to plants, animals and microorganisms. Since Pb 2? is not biodegradable, once soil has become contaminated, it remains for a long-term, leading to a harmful effect on biological systems (Pehlivan et al. 2009 ). Lead contamination poses serious human health problem, namely brain damage and retardation (Cho-Ruk et al. 2006) . It inhibits various physiological and biochemical processes of fundamental significance (Kosobrukhov et al. 2004 ) causing visible toxicity symptoms and an ultimate reduction in vegetative and reproductive growth (Rossato et al. 2012) .
Chrysanthemum indicum L. is an abundant ornamental bioresource in India and other parts of the world. It grows in polluted areas surrounding cities. Moreover, the plant possesses key traits that make it very attractive to use in the clean-up of metal-polluted sites, e.g. ease of cultivation, rapid growth, abundant flowering and a short life cycle. Such plants require plenty of nutrients such as NO 3 , PO 4 , Ca, K, Mg, S and micronutrients as well, which can be applied through vermicomposting having ameliorative effects on plant growth and yield as compared to inorganic fertilizers applied to soil (Singh et al. 2008) , which acts as natural fertilizer for phytoremediation studies of heavy metals. It contains a high proportion of humic substances (i.e. humic acids, fulvic acids and humin) which provide numerous sites for chemical reaction. Hence, an understanding of the participation of earthworms along with application of elemental S in slightly alkaline soil reaction (pH 7.8 ± 0.2) is basic for enhanced phytoremediation in metal-polluted soils.
With this perspective regarding problems associated with lead toxicity and its possible solution through systems biological approach for the clean-up of the contaminated soil, the present study was implemented with an aim to explore the possibility of cleaning-up the Pb-contaminated soils through growing a non-field crop (ornamental plant), C. indicum L. during the year 2011-2013 at Sheila Dhar Institute Experimental Farm, Allahabad, India. The objectives of this study were (1) to compare the lead bioaccumulation, translocation and remediation at different concentrations of Pb addition with or without application of S and vermicompost (VC), and (2) to investigate the potential of C. indicum L. for enhanced lead phytoremediation through application of S and VC.
Materials and methods

Plant material and experimental layout
The Sheila Dhar Institute experimental site, covers an area of 1 hectare, is located at Allahabad in northern India at 25857 0 N latitude, 81850 0 E longitude and at 120 ± 1.4 m altitude. A sandy clay loam soil, derived from Indo-Gangetic alluvial soils, situated on the confluence of rivers Ganga and Yamuna alluvial deposit, was sampled for the study. The texture was sand ([0.2 mm) 55.54 %, silt (0.002-0.2 mm) 20.32 % and clay (\0.002 mm) 24.25 %. The detailed physicochemical properties of the investigated soil have been given in the Table 1 (Kumar and Mani 2010) .
Plastic pots of a 3 l capacity (each containing a mixture of 750 g soil and 2.25 kg sand) were used for the experiment. Identical-size (5 cm height) Chrysanthemum plants were transplanted into pots (single in each). The experiment was carried out in a natural light condition having daily 28°C temperature and 12.5 h photoperiod.
The experiment was replicated thrice and conducted in completely randomized block design following nineteen treatments. Total 57 plastic pots (having 19 treatments replicated thrice) were installed. The treatment combinations have been mentioned under the Table 2 .
All the chemicals used in the study were of analytical reagent (AR) grade. Lead (Pb) was applied as lead nitrate [Pb (NO 3 ) 2 ], and sulphur was applied as elemental sulphur. The seedlings were treated with four levels (0, 10, 20 and 50 mg/ kg) of Pb, and after 24 h of the treatment, they were transplanted under nineteen treatments. Since nitrate is an important plant nutrient, nitrate-only control pots were also run. In order to normalize three added dosage of nitrate with increasing concentration of Pb (10, 20 and 50 mg/kg), three levels (5.985, 11.969 and 29.923 mg/kg) of nitrate were applied through ammonium nitrate, respectively. Under different levels of applied Pb pots, the percentage increases or decreases in parameters were determined over their respective nitrate-only control pots. In order to allow the stabilization of adsorption-desorption reactions, soils were incubated with VC for one month at field water capacity (80 %) before planting Chrysanthemum. Elemental sulphur was applied in the pots before the transplantation of the seedlings. The quality of VC is given under Table 1 . Soil moisture was maintained by irrigating the crops at intervals of 5-6 days. C. indicum L. was harvested at 60 days after transplanting for the aforesaid analyses.
Soil sampling
The larger fields were divided into suitable and uniform parts, and each of these uniform parts was considered a separate sampling unit. In each sampling unit, soil samples were drawn from several spots in a zigzag pattern, leaving about 2-m area along the field margins. Silt and clay were separated by pipette method and fine sand by decantation (Chopra and Kanwar 1999) .
Extraction for lead (Pb) content in soil For total Pb content, one gram of soil was mixed in 5 ml of HNO 3 (16 M, 71 %) and 5 ml of HClO 4 (11 M, 71 %). The composite was heated up to dryness. The hot distilled water was added. The contents were filtrated, and volume was made up to 50 ml. The clean filtrate was used for the estimation of heavy metals (Pb) by atomic absorption spectrophotometer (AAS) (AAnalyst600, PerkinElmer Inc., MA, USA). For available Pb, 5 gram of soil was mixed with 20 ml DTPA solution {Di-ethyl-tri-amine-pentaacetic acid (DTPA) solution [1.97 g (0.05 M) DTPA powder, 13.3 ml (0.1 M) Tri-ethanol amine and 1.47 g (0.01 M) CaCl 2 were dissolved in distilled water (Lindsay and Norvell 1978) and were made up to 1 l after adjusting the pH to 7.3] was added} and the contents were shaken for 2 h and then filtered through Whatman filter paper No. 42. The clean filtrate was used for the estimation of Pb by the aforesaid spectrophotometer.
Soil pH
Soil pH was measured with 1:2.5 soil-water ratio using Elico digital pH meter (Model LI 127, Elico Ltd., Hyderabad, India) at the Laboratory of Sheila Dhar Institute of Soil Science, University of Allahabad, Allahabad-211002, Uttar Pradesh, India. Double distilled water was used for the preparation of all solutions.
Organic carbon
One gram soil was digested with 10 ml of 1 N potassium dichromate (K 2 Cr 2 O 7 ) solution and 20 ml of concentrated sulphuric acid (18 M, 96 %). The solution was shaken well for 2 min and kept for half an hour and then diluted with 200 ml of distilled water. Then, 10 ml of ortho-phosphoric acid (15 M, 85 %) and 1 ml of diphenylamine indicator were added in solution. The solution became deep violet in colour, and further it was titrated against N/2 ferrous ammonium sulphate solution, till the violet colour changed to purple and finally to green (Chopra and Kanwar 1999) .
Cation exchange capacity (CEC) CEC was determined by using neutral 1 N ammonium acetate solution. A known weight of soil (5 g) was shaken with 25 ml of the acetate solution for 5 min and filtered through Whatman filter paper No. 42 (Chopra and Kanwar 1999) .
Total nitrogen
One gram soil was digested with 10 ml of digestion mixture containing sulphuric acid and selenium dioxide. Salicylic acid was also added to include the nitrates and nitrites. Digestion was carried out till the soil colour changed to white. The N in the digest was estimated by using micro-Kjeldahl method, Glass Agencies, Ambala, India (Chopra and Kanwar 1999) .
Total phosphorus
Two gram soil was taken with 4 ml HClO 4 (11 M, 71 %) in a 50-ml beaker covered with watch glass and put on a hot plate, and digestion was carried out till the soil colour changes to white. Ten ml HNO 3 (16 M, 71 %) was added to the filtrate solution. Ammonia was added to saturate the solution. Then 30 ml standard ammonium molybdate solution was added in the solution to extract the total phosphorus content from soil (Kumar and Mani 2010) .
Processing plant samples
Plants were harvested after 60 days having higher phytochemicals at their maturity stage as suggested by Mani et al. (2012) . Plant samples were carefully rinsed with tap water followed by 0.2 % detergent solution, 0.1 N HCl, deionized water and double distilled water. Samples were then soaked with tissue paper, air-dried for 2-3 days in a dust-and contaminant-free environment, placed in clean paper envelopes, dried in a hot-air oven at a temperature of 45°C, and ground to a fine powder. Plant biomass dry weights were recorded. Flowers, shoots and roots were separated and analysed.
Determination of lead in plant extract
One gram of ground plant material was digested with 15 ml of tri-acid mixture containing conc. HNO 3 (16 M, 71 %), H 2 SO 4 (18 M, 96 %) and HClO 4 (11 M, 71 %) in 5:1:2). The composite was heated on hot plate at low heat (60°C) for 30 min, and the volume was reduced to about 5 ml until a transparent solution was obtained. After cooling, 20 ml distilled water was added and the content was filtered through Whatman filter paper No. 42 (Kumar and Mani 2010) . Total Pb was determined by the aforesaid Spectrophotometer.
Determination of photosynthetic pigments by HPLC
The upper second fully expanded leaves were sampled for analysis of photosynthetic pigments, at 60th day. The photosynthetic pigments (chlorophyll-a, chlorophyll-b and carotenoid) were extracted using the method of Barba et al. (2006) with minor modifications. In brief, 2 g sample was ground in 10 ml of 100 % methanol, centrifuged at 5,000 rpm for 20 min to separate the supernatant, and these operations were repeated until the sample became colourless. The extract was filtered through Whatman No. 1 filter paper and then through 0.45-lm membrane filter. About 20 ll sample was injected for HPLC analysis. Analysis was performed using reversed phase chromatography (RP-HPLC) using DIONEX Ultimate 3,000 series, comprising a solvent rack (SRD-3200), a pump (HPG-3200SD), a column oven (TCC-3000SD), and a diode array detector (variable wavelength detectors VWD-3100 and VWD-3400). The mobile phase consisted of methanol and acetonitrile in 9:1 ratio at a flow rate of 1.0 ml per min. The column temperature was kept 22°C. The wavelengths used to indicate the pigments were 430 nm for chlorophyll-a, and 450 nm for chlorophyll-b and carotenoid.
Bioaccumulation factor, translocation factor and remediation ratio Bioaccumulation factor (BF), defined as the ratio of chemical concentration in a plant (root and shoot tissues) to soil, is used to measure the effectiveness of a plant in concentrating pollutant into aerial part (Fayiga et al. 2004) , and translocation factor (TF), the quotient of contaminant concentration in shoots to roots, which is used to measure the effectiveness of a plant in transferring a chemical from roots to shoots (Sun et al. 2011) . Bioaccumulation factor (BFs) is calculated according to the following formula.
where M shoot is the metal content (mg/kg dry wt) in shoots, M soil is the total metal content (mg/kg) in the soil. M soil was calculated by adding total metal content in soil naturally with applied metal content in soil. Translocation factor (TFs) is calculated according to the following formula:
where M root is the metal concentration in roots of the plants (mg/kg). The remediation ratio (RR) or remediation efficiency (ER) is defined as the ratio of an element accumulation in shoots to that in soil, which is calculated as follows:
where W shoot is the plant dry above-ground biomass (g) and W soil is the amount of soil in the pot (g). The RR values reflect the amount of a metal remediation by a plant from soil. Data were analysed by factorial analysis of variation (ANOVA) using various treatments as independent factors with the help of the sum of square (SS) and degree of freedom (DF). The standard error (SE) is given by
where V E is the variance due to the error and n is the number of replications. All treatments were replicated thrice in the experiment. GraphPad Prism (version 5.04, GraphPad Software, USA) software was used for drawing figures.
Results and discussion
Effect of lead, elemental sulphur and vermicompost on root growth
The data presented in the Fig. 1 indicated that the combined application of 10 mg/kg Pb along with 0.8 g/kg S and 6 g/kg VC boosted root length up to the maximum of 14.78 cm, which was observed 9.89 % higher over the respective control (N 1 ). Application of Pb at 10 mg/kg along with S or VC or both caused root elongation by 7.8-9.9 % over the respective control (N 1 ). However, the composite application of S and VC elongated the roots by 3.05-3.8 % over their respective non-amended pots. The individual application of 50 mg/kg Pb altered root growth which was observed minimum (9.26 cm) leading to 31.15 % reduction over the respective control (N 3 ). The study clearly indicates that lead has inhibitory effect on root length. Reduction in root growth is possible due to restriction in cell division and cell elongation (Malkowski et al. 2002) . Root toxicity symptom included reduced number of roots hair, browning and stunted growth as compared to the control treatment (without Pb), where plant roots were healthy and normal. Boonyapookana et al. (2005) also observed similar results using H. annuus L. in Pb-contaminated soil. The statistical analysis reveals that different amendments under treatments T 1 -T 16 nonsignificantly (P = 0.8432) enhanced the root elongation while different levels of Pb significantly (P \ 0.0001) diminished the root length of the plant. However, the differences among control (T 1 ) and nitrate-only controls (N 1 , N 2 , N 3 ) were observed non-significant (F = 0.0054).
Comparing the root length obtained under treatments T 12 -T 16 , the trend was observed in the order of T 13 . The present study indicated that application of Pb up to 20 mg/kg did not able to retard the growth of roots significantly; however, Pb at 50 mg/kg, either individually or in combination with sulphur and vermicompost, drastically retarded the growth. It may be due to increase in antioxidant activities of plants at lower level of lead (Kosobrukhov et al. 2004; Kaur et al. 2012) , which has been discussed further under different subheadings.
Effect of lead, elemental sulphur and vermicompost on shoot growth
The data presented in the pots at 10 mg/kg. On the other hand, individual application of Pb at 50 mg/kg reduced the elongation of shoot by 31.71 % over the respective control (N 3 ). The statistical analysis reveals that different amendments or column factors under treatments T 1 -T 16 non-significantly (P = 0.4558) enhanced the shoot elongation while different levels of Pb or row factors significantly (P \ 0.0001) diminished the shoot length of the plant. However, the differences among control (T 1 ) and nitrate-only controls (N 1 , N 2 , N 3 ) were observed non-significant (F = 0.306). Comparing the shoot length obtained under treatments T 12 -T 16 , the trend was observed in the order of T 13 . The study clearly indicated that application of Pb up to 20 mg/kg did not able to retard plant height significantly; however, Pb at 50 mg/kg, either individually or in combination with sulphur and vermicompost, drastically retarded the growth. The composite application of S and VC caused shoot elongation by 0.5-13.3 % over their respective non-amended pots. The present study reveals that the ameliorative response of S and VC was observed higher in moderately to higher Pbcontaminated (C20 mg/kg) pots.
Effect of lead, elemental sulphur and vermicompost on root and shoot dry biomass of C. indicum L.
The data presented in the Fig. 2 indicated almost similar trend that combined application of 10 mg/kg Pb along with S and VC produced maximum root and shoot dry biomass up to the extent of 1.26 and 4.22 g/pot, respectively, which were recorded 18.5 and 10.47 % increase over the respective control (N 1 ). Application of VC at different levels of Pb (10, 20 and 50 mg/kg) treated pots produced root dry biomass of 1.21, 0.96 and 0.81 g/pot, resulted in 7.08, 11.63 and 12.5 % increase over their respective non-amended pots. Similarly application of VC at the aforesaid levels of Pb-treated pots produced shoot dry biomass of 4.16, 3.86 and 2.38 g/pot, resulted in 5.32, 3.76 and 5.78 % increase over their non-amended pots. The statistical analysis reveals that different amendments under treatments T 1 -T 16 significantly (P = 0.0001) enhanced root dry biomass and significantly (P = 0.0032) enhanced shoot dry biomass of the plant. However, the differences among control (T 1 ) and nitrate-only controls (N 1 , N 2 , N 3 ) were observed non-significant on influencing root biomass (F = 0.0356) and shoot biomass (F = 0.0046) of the plant. While different levels of Pb significantly (P \ 0.0001) diminished both root and shoot dry biomass of the plant, the present study clearly showed ameliorative role of VC on the biomass yield (Chand et al. 2012; Pande et al. 2007 ). The combined application of 10 mg/kg Pb along with S also enhanced the root and shoot dry biomass production which were observed 1.17 and 4.12 g/pot, resulted in 9.72 and 7.85 % increase over the respective control (N 1 ), respectively, indicating ameliorative role of sulphur addition in pots (Dede et al. 2012) . Comparing the biomass of root and shoot under treatments T 12 -T 16 , almost similar trend was observed in the order of T 13 . The application of Pb at 50 mg/kg registered the minimum dry biomass of root and shoot up to 0.72 and 2.25 g/pot showing maximum retardation in growth to the extent of 32.71 and 41.25 %, respectively, over the control (N 3 ) due to the presence of excess Pb in the root environment. The entry of Pb into the plants must be monitored to minimize the possible risk of the metals toxicity into the plants. However, the contaminated plants must be disposed off safely for the phytoremediation purpose.
Bioaccumulation of lead in the root, shoot and flower of C. indicum L.
The data graphically presented in Fig. 3 indicated that lead addition (0-50 mg/kg) significantly (P \ 0.0001) enhanced the concentration of Pb (in mg/kg) in root, shoot and flower of C. indicum L., which were observed 0. 67-38.46, 0.34-19.87 and 0.25-7.62 , respectively. Roots were observed highly contaminated with Pb as compared to shoots and flowers. Lead content in plant tissues was proportionate to the lead levels in the soils. The translocation of lead ions to the aerial tissues occurs because with plant development, root endoderm may become weak barrier. For this reason, metals easily penetrate xylem and then the above-ground parts of plants. Consequently, plants accumulate higher levels of metal in the roots with slow translocation to the shoots. Similar pattern of metal accumulation has been reported to accumulate rapidly and preferentially in the roots with little being translocated to the other parts of the plant (Boonyapookana et al. 2005) .
Comparing the bioaccumulation of Pb (in root, shoot and flower) under treatments T 12 -T 16 , the trend was observed in the order of
The combined application of 50 mg/kg Pb along with S and VC (T 16 ) registered the maximum concentration (43.58, 22.45 and 9.62 mg/kg, respectively) of Pb in root, shoot and flower of C. indicum L. The study revealed that S would be an effective amendment for phytoremediation of Pb from Pb-contaminated soil (Dede et al. 2012 ) by growing C. indicum L. The statistical analysis reveals that different amendments (column factors) under treatments T 1 -T 16 , levels of Pb (row factors) and their interaction were observed highly significant (P \ 0.0001) on affecting the Pb accumulation in different tissues of the plant. However, the differences among control (T 1 ) and nitrate-only controls (N 1 , N 2 , N 3 ) were observed non-significant on influencing bioaccumulation in root (F = 0.02), shoot (F \ 0.04) and flower (F \ 0.07) of the plant. The results indicate that maximum potential of plants can be utilized in the combinatorial treatments to enhance Pb phytoremediation from the Pb-contaminated pots. Higher bioaccumulation of Pb in the combined application of Pb along with S and VC might be ascribed due to lowering of pH as a result of production of sulphuric acid and organic acids. Lowering of pH promoted the availability of Pb in the investigated soil (Antoniadis et al. 2008) .
The graphical illustration (Fig. 3) indicated that magnitude of accumulation of lead was higher in root tissues as compared to shoot and flower tissues (Patra et al. 2004 ). Addition of VC was presumed to mobilize the Pb in the rhizosphere by producing organic acids having lower molecular weight, responsible for formation of organic ligands. Accumulation of Pb in root might be attributed to binding of this metal to exchange sites mainly in the form of lead carbonates with the mechanisms occurring in the cell walls (Jarvis and Leung 2002) . Vermicompost favours phytoextraction of Pb as a high source of organic matter through production of phytochelatin. Organic matter in soil effectively increases the activity of metals in soil and improves metal mobility and distribution in soil. The application of vermicompost in soil promoted the mobility of lead through the formation of soluble metal organic complexes (Yang et al. 2005 ). In addition, exudation of organic compounds by plant roots, such as organic acids, influences ion solubility and uptake of heavy metals through their effects on microbial activity, rhizosphere physical properties and root growth dynamics (Yang et al. 2005 ).
The present study indicated enhanced metal accumulation in all parts of plants (roots, shoots and flowers) especially when lead was applied in combination with S and VC. Thus, phytoaccumulation potential of C. indicum L. was verified, and its potential was improved with the application of elemental S and VC. It is also worth mentioning that there is drastic decrease in growth of plants (roots, shoots as well as dry biomass) when Pb was applied at 20 mg/kg or more. The entry of Pb into the plants must be monitored to minimize the possible risk of the metals toxicity into the plants. However, the contaminated plants must be disposed off safely for the phytoremediation purpose.
Effect of lead, elemental sulphur and vermicompost on photosynthetic pigments of C. indicum L.
The data graphically presented in Fig. 4a -c indicated that varying levels of lead addition significantly (P \ 0.0001) decreased the photosynthetic pigments in the leaves of C. indicum L. The successive addition of Pb from 0 to 50 mg/ kg diminished the chlorophyll-a content in leaves from 0.422 to 0.216 mg/g fresh weight (FW). Elloumi et al. (2007) corroborated almost similar results. However, application of Pb at 10 mg/kg increased the chlorophyll-b and total carotenoid content as compared to the control pots. The application of Pb at 50 mg/kg registered the minimum chlorophyll-b and total carotenoid content in leaves to the extent of 0.102 and 0.148 mg/g FW, respectively.
The combined application of Pb at 10 mg/kg along with S and VC registered the maximum chlorophyll-b and total carotenoid contents in leaves to the extent of 0.192 and 0.249 mg/g FW, respectively. However, the combinatorial application of S and VC registered produced the maximum chlorophyll-a content in leaves to the extent of 0.438 mg/g FW. The application of S increased chlorophyll-a, chlorophyll-b and total carotenoid contents in leaves to the extent of 0.426, 0.154 and 0.225 mg/g FW, respectively, as compared to the control pots. On the other hand, under S deficiency, shortage of the sulphur-containing amino acid methionine and cysteine not only leads to inhibition of protein synthesis but also decreases the chlorophyll content in the leaves.
The application of VC promoted the chlorophyll-a, chlorophyll-b and total carotenoid contents in leaves up to the extent of 0.434, 0.162 and 0.228 mg/g FW, which were recorded 2.84, 6.58 and 4.59 % higher as compared to the control pots, respectively. Almost similar result was reported by Mathivanan et al. (2012) using groundnut plants.
Application of S and VC boosted the photosynthetic pigments in C. indicum L. which led to enhanced plant photosynthetic activities to counter the hazardous effect of Pb-contaminated pots. Application of either S or VC or both enhanced the chlorophyll-a and chlorophyll-b contents by 0.95 to 10.53 % over the control in Pb-uncontaminated soil. However, this increment was observed 1.54-12.94, 1.61-13.1 and 2.94-25.49 % in Pb-contaminated soils at 10, 20 and 50 mg/kg, respectively. The statistical analysis showed that different amendments under treatments T 1 -T 16 significantly boosted the content of chlorophyll-a (P = 0.0093), chlorophyll-b (P \ 0.0001) and total carotenoids (P = 0.0206) under the experiment. However, the differences among control (T 1 ) and nitrateonly controls (N 1 , N 2 , N 3 ) were observed non-significant on influencing chlorophyll-a (F \ 0.007), chlorophyll-b (F \ 0.034) and carotenoid (F \ 0.045) contents of the plant. Different levels of Pb significantly (P \ 0.0001) reduced the photosynthetic pigments in the leaves of the plant as compared to the control pots. Comparing the content of photosynthetic pigments under treatments T 12 -T 16 , the trend was observed in the order of [ T 13 . The study clearly indicated that application of Pb up to 20 mg/kg did not able to retard photosynthetic pigments significantly; however, Pb at 50 mg/kg, either individually or in combination with sulphur and vermicompost, retarded the content of the photosynthetic pigments drastically. However, the plants having amended treatments showed lower decrease in the pigment contents. The reduction in photosynthetic pigments could be attributed to the degradation of chloroplast at higher levels of Pb (Kaur et al. 2012) . In fact, Pb has a low redox potential and therefore it cannot participate in biological redox reactions, but there exists some evidence that it could perform oxidative-related disturbances, including lipid peroxidation (Sandalio et al. 2001) . Moreover, excessive amount of lead has also been reported to cause irreversible degradation of pigment molecules (Madhu et al. 2008 ). The present study indicates that photosynthetic pigments play an important role in the physiology of plants especially for protection mechanism against Pb stress condition. Effect of lead, elemental sulphur and vermicompost on pre-/post-harvest total/available Pb in soil and Pb uptake by plant
The data presented in the Table 3 indicated that the combined application of 20 mg/kg Pb along with 0.8 g/kg S and 6 g/kg VC caused maximum reduction in available Pb and total Pb in the post-harvest soils which were calculated 33.94 and 6.8 % over the pre-harvest soils, respectively. However, either control or nitrate-only control plots showed minimum reduction in available Pb and total Pb to the extent of 18.59 and 2.08 %, respectively. All nonamended plots showed lower reduction in available Pb and total Pb from pre-harvest to post-harvest analysis to the extent of \28 and \4 %, respectively. The study clearly indicated that reduction in available Pb was observed higher in magnitude than that of total Pb (Table 3 ). In the present study, the combinatorial treatments (T 4 , T 8 , T 12 and T 16 ) caused 25.16-33.94 % reduction in available Pb from pre-harvest to post-harvest experiment. This might be possible due to involvement of vermicompost acting as a supporting media for growth of bio-inoculants to colonize bacteria especially plant growth promoting rhizobacteria like Azotobacter, Azospirillum, Bacillus and Pseudomonas species (Singh et al. 2011 ).
Successive dosage of applied Pb (0-50 mg/kg) increased the Pb uptake by plants from the minimum (0.41 mg/kg dry biomass) in control plot to the maximum (27.86 mg/kg dry biomass) in combinatorial treatment (T 16 ). Although the study indicated significant removal of available Pb from soil, Pb uptake remained moderate under the experiment. This may be possibly due to high adsorption of Pb on soil-colloidal complexes (not studied in the present work). Comparing the uptake of Pb under treatments T 12 -T 16 , the trend was observed in the order of
The study clearly indicated successive increase in Pb uptake as per increase in the application of Pb from 0 to 50 mg/kg. Also, the amended pots with sulphur and vermicompost resulted in higher uptake of Pb than that of non-amended pots.
Although C. indicum L. under combinatorial treatments showed moderate or intermediate ranking for Pb uptake among several plants species reported earlier, the tested ornamental plant species along with vermicomposting technology would have more relevance for Pb harvest from a metal contaminated soils in terms of eco-friendly and sustainable approach, lower risk of contamination of food crops, and it is easy to robust application on a large-scale contaminated fields by the common mass/people. Due to its simplicity and flexibility, vermiculture may be carried out for (Singh et al. 2011) as consumption of organic wastes by earthworms is an ecologically safe method in the natural conversion or stabilization of toxic Pb ?2 ions into environmentally less toxic product indirectly through the involvement of microorganisms associated with the vermicompost. However, the differences among control (T 1 ) and nitrate-only controls (N 1 , N 2 , N 3 ) were observed non-significant on influencing total Pb (F \ 0.27) and available Pb (F \ 0.093) in soil, and Pb uptake (F \ 0.116) by the plant.
The present study is an integration of chemical (elemental sulphur), macrobial (earthworms), microbial (bioinoculants associated with vermicompost) and phyto-technological (C. indicum L.) approaches for phyto/bioremediation of a moderately Pb-contaminated soil. However, the present study may not be applicable under highly Pbcontaminated soils especially under severe conditions like petroleum/gas or nuclear production sites. In such conditions, application of resistant and isolated bacteria such as Bacillus sp., Pseudomonas sp., Corynebacterium sp., Staphylococcus sp. and Escherichia coli from Pb-polluted environment have high potential for eliminating this metal from soil to the extent of 89.66, 87.97, 86.64, 64.82 and 60.35 %, respectively (Kafilzadeh et al. 2012 ).
Bioaccumulation, translocation and remediation efficiency
The BF, TF and RR values have been illustrated under the Fig. 5 . Mobility of lead from soil solution to plant tissues was significantly (P \ 0.0001) enhanced by the application of lead from 0 to 50 mg/kg. Further, addition of S or VC or both significantly (P \ 0.0001) boosted the bioaccumulation, translocation and remediation of lead in the experiment among the tested treatments T 1 -T 16 . However, the differences among control (T 1 ) and nitrate-only controls (N 1 , N 2 , N 3 ) were observed non-significant on influencing BFs (F \ 0.112), TFs (F \ 0.046) and RRs (F = 0.093) values shown by the plant under the aforesaid treatments.
Comparing the bioaccumulation factors (BF) under treatments T 12 -T 16 , the trend was observed in the order of [ T 12 . In general, plants with increased concentrations of lead presented higher BFs. However, the bioaccumulation factors remained below 0.4. Increasing lead levels from 0 to 50 mg/kg along with 0.8 g/ kg S and 6 g/kg VC caused 6.3-fold increase in the bioaccumulation factor over the control plots ranging from 0.06 in control to 0.38 in the treatment T 16 . Sulphur individually caused 7.2-fold enhancement in the bioaccumulation factor ranging from 0.05 to 0.36. The uncontaminated pots showed lower values due to less Pb concentration in the rhizosphere.
The higher TFs for Pb were observed at the lowest Pb concentrations (0-10 mg/kg). However, these decreased when Pb concentrations increased (from 0 to 50 mg/kg), showing that at higher concentrations plant shoot tissues restricted more shoot Pb accumulation. The combinatorial treatment of S and VC (T 4 ) registered the maximum translocation factor (0.63). However, the application of 10 and 20 mg/kg Pb without amendments (S and VC) registered the minimum translocation factor (0.49). Comparing the translocation factors (TF) under treatments T 12 -T 16 , the trend was observed in the order of T 12 [ T 16 = T 13 [ T 15 = T 14 . The study indicated that TF was observed higher in the combinatorial treatments applied with Pb at B20 mg/kg along with sulphur and vermicompost. Nazir et al. (2011) observed almost similar findings for BFs and TFs in several plant species. They observed lower BFs for Pb in Amaranths virdis (0.32), Cynodon dactylon (0.03), and Partulaca oleracia (0.37) and higher in Chenopodium album (1.10), Cyperus rotundus (1.53), and Sorghum halepense (1.31) as compared to the present study using C. indicum L. Similarly, they reported lower TFs for Pb in Amaranthus virdis (0.34), Achyranthes aspera (0.30), and Malvestrum coromandelianum (0.43) and higher TFs in Brachiaria reptans (0.75), Cannabis sativa (1.03), and Ricinus communis (1.05), as compared to the present findings with Chrysanthemum indicam L (TFs 0.49-0.63).
The uncontaminated pots showed lower RRs due to less Pb concentration in the rhizosphere of the plant. Comparing the remediation efficiencies (RR) under treatments T 12 -T 16 , the trend was observed in the order of T 12 [ T 16 [ T 15 [ T 14 [ T 13 . The application of Pb at 20 mg/kg along with S and VC (T 12 ) registered the maximum remediation ratio up to 0.153; however, the individual application of 50 mg/kg Pb (T 13 ) registered comparatively lower remediation ratio than the amended pots (with treatments T 14 , T 15 and T 16 ). It appears that non-amended pots showed lower remediation efficiency (B0.1). However, amended pots under Pb contamination at 10-50 mg/kg showed higher remediation efficiency ([0.1). The present study clearly indicates that the efficiency of phytoremediation remains better in the moderately Pb-contaminated soils (Fig. 5 ) as compared to that of highly Pb-contaminated soils at 50 mg/ kg (Sun et al. 2009 ). The composite application of S and VC increased the phytoextraction rate of C. indicum L. by twofold to ninefolds as compared to the control treatment. Zhuang et al. (2005) reported that addition of 6 m mol/kg EDTA caused 2-, 13-and 19-fold increase in Pb phytoextraction rate of Vertiveria zizanioides, Rumex hybrid (K-1) and Viola baoshanensis, showing phytoextraction rate (%) up to 0.02, 0.12 and 0.18, respectively. However, Sun et al. (2009) reported 0.05 % Pb remediation efficiency of a hyperaccumulator plant, Sedum alfredii H, under EDTAtreated pots at 5 m mol/kg. In the present study, the phytoextraction rate of C. indicum L. remained at par with those of Zhuang et al. (2005) and Sun et al. (2009) . The higher remediation ratios (C0.1) in 8 treatments (containing either S or VC or both), out of total 19 treatments, proved the potential of plants as well as amendments (S and VC) for enhanced clean-up of soils contaminated with lead in the slightly alkaline soils (pH 7.8).
The study revealed that a lead-contaminated soil cleanup might be achieved through growing non-food crops or ornamental plants like C. indicum L., and its remediation potential could be enhanced through the composite application of S and VC in the rhizosphere of plants. Meanwhile, environmental clean-up for other heavy metals from other ecosystems will be the future research criteria, which are being investigated by the authors. The strategy for enhanced clean-up of Pb-contaminated soils must be implemented in and around Pb-contaminated soils, especially along the highways, roadways and lead mining areas. Additionally, these areas can be developed as ecotourism through growing ornamental plants to preserve the aesthetic beauty of wasteland as one of the important four components of the environment.
More research is required to unravel the role of microorganisms associated with the vermicompost in the Pb pathway. The integration of phyto-technology with vermicomposting technology can be a flexible approach to be employed in and around the metal mining areas. Some thermophilic bacteria such as Cupriavidus metallidurans CH34 have already been isolated from composting reactor for Pb bioremediation and P-type ATPase (PbrA), and C 55 -PP phosphatase (PbrB) enzymes have been found responsible for lead resistance. P-type ATPase confers resistance to Pb 2? while PP phosphatase produces inorganic phosphates for lead precipitation in non-toxic form. Rapid regeneration of C 55 -PP produces sufficient amounts of inorganic phosphate for lead sequestration. Similarly, the lead bacterial isolates from the member of the genus Pseudomonas, Bacillus and others have been found capable of eliminating high levels of lead from highly Pb-contaminated soil (Kafilzadeh et al. 2012) .
Conclusion
At lower level (below 20 mg/kg), the applied Pb promoted the growth of C. indicum L. but at the higher level (above 20 mg/kg), it suppressed the growth of plants including the photosynthetic pigment of the plants. The concentration of Pb in the tissues followed the order root[shoot[flower. The higher remediation ratio ([0.1) of C. indicum L. indicated its phytoremediation potential in Pb-contaminated soils. Addition of S and VC strengthened its phytoremediation potential in the investigated soils. The phyto-availability of Pb increased moderately with addition of VC due to supply of complexing agent that interferes with added Pb fixation. The vermicompost, which comes from domestic origin, has a strong affinity for lead ions. Phytoremediation through ornamental plants minimizes the risk of heavy metals toxicity in biological systems and remains as an innovative, cost-effective, environmental-friendly and sustainable technology especially for the restoration/management of the wastelands/contaminated soils, however, safe disposal of the contaminated plant tissues/parts must be ensured, for harnessing the maximum benefit of this technology. Thus, C. indicum L. fulfils the necessary conditions for the cleanup of lead-contaminated soil, and application of S and VC further enhances its phytoremediation potential in the sandy clay loam alluvial soil (pH 7.8). Thus, there is great scope of using this ornamental plant for Pb remediation especially in and around the highways/roadways or glass industries of the metropolitan cities across the globe.
